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Noncanonical Signaling
by Ionotropic Kainate Receptors
that the activation of kainate receptors modulates neu-
rotransmitter release from a number of synapses (Clarke
et al., 1997; Rodriguez-Moreno et al., 1997; Kamiya and
Jose´ Luis Rozas, Ana V. Paternain,
and Juan Lerma*
Instituto Cajal
CSIC Ozawa, 1998, 2000; Bureau et al., 1999; Schmitz et al.,
2001; Frerking et al., 2001; Kerchner et al., 2001). In28002 Madrid
Spain agreement with the hypothesized role of kainate recep-
tors in epilepsy (e.g., Ben-Ari, 1985), kainate has been
found to depress inhibitory GABA transmission in the
rat hippocampus (see Lerma et al., 2001, for a review).Summary
Kainate receptors share the membrane topology of
ionotropic glutamate receptors (i.e., AMPA and NMDAThe potent neurotoxin kainate activates ion channel-
forming receptors. However, it can also activate a receptors); they contain three transmembrane domains
as well as a membrane domain that contributes to theG protein-coupled signaling pathway to inhibit trans-
mitter release in central neurons. It remains unclear formation of ion channel wall (see Madden, 2002, for a
review). As a result, it was somewhat surprising to findwhether the same receptor complex is involved in both
signaling activities. Here we show that in a population that inhibition of GABA release by kainate receptors in
the hippocampus involved a second messenger cas-of dorsal root ganglion cells, exposure to kainate elic-
its a G protein-dependent increase in intracellular cade mediated by a Pertussis toxin-sensitive G protein
and protein kinase C (i.e., a rather classical metabotropicCa2. Furthermore, in these cells a brief exposure to
kainate inhibited the K-induced Ca2 increase, a pro- cascade; Rodriguez-Moreno and Lerma, 1998). Since
this discovery, further examples of such metabotropiccess that was sensitive to the G protein inhibitor Per-
tussis toxin and inhibitors of protein kinase C. This activity and alternate mechanisms of kainate action have
been reported (e.g., Frerking et al., 1999, 2001; Cunhametabotropic action did not require ion channel activ-
ity and was not observed in neurons prepared from et al., 2000; Frerking and Nicoll, 2000; Rodriguez-
Moreno et al., 2000; Melyan et al., 2002). However, inmice deficient for the ion channel-forming subunit
GluR5. These results indicate that GluR5, an ion channel- none of these cases has the receptor subunit involved
in this activity been specified.forming subunit, signals through a second messenger
cascade, inhibiting voltage-dependent Ca2 channels. Hypothetically, the ionotropic and metabotropic activ-
ities of kainate receptors could be mediated throughThus, such a system represents a noncanonical signal-
ing route of ion channel-forming receptors. the same receptor complex. Alternatively, since the
membrane topology of kainate receptors is in principle
incongruous with the structure of G protein-coupled re-Introduction
ceptors, they may involve distinct or unrelated recep-
tors. We have explored these possibilities in a simpleGlutamate receptors contain subunits from several dif-
ferent protein subfamilies, their pharmacological, bio- cell model, that of cultured dorsal root ganglion (DRG)
neurons. These neurons express a rather homogeneousphysical, and molecular properties having been thor-
oughly characterized (see Jonas and Monyer, 1999, for population of kainate receptors, predominantly con-
taining GluR5 subunits (Bettler et al., 1990; Huettner,a monography). Kainate receptors represent one class
of glutamate receptors that are widely distributed in the 1990; Bahn et al., 1994; Wilding and Huettner, 2001). In
a population of DRG cells, we found that kainate wasbrain. While the physiological role of these receptors is
still not absolutely clear, recent advances have high- able to elicit a G protein-dependent increase in [Ca2]int,
while inhibiting the activation of voltage-dependent Ca2lighted different aspects of their behavior (Castillo et al.,
1997; Clarke et al., 1997; Rodriguez-Moreno et al., 1997; channels, a process sensitive to inhibitors of G proteins
and protein kinase C (PKC). This metabotropic effect ofVignes and Collingridge, 1997; Bortolotto et al., 1999;
Paternain et al., 2000; Contractor et al., 2001; Schmitz kainate does not seem to require ion channel receptor
activity. However, it was not observed in neurons pre-et al., 2001; see Lerma, 2003, for a review). Progress in
this field has been hampered by the lack of specific pared from mice deficient for the ion channel-forming
subunit GluR5. Therefore, our results not only providepharmacological tools. However, the discovery of a spe-
cific AMPA receptor antagonist, GYKI53655, has made evidence for the existence of a metabotropic kainate
receptor that inhibits Ca2 channels, but also indicatefunctional studies feasible (Paternain et al., 1995; Wild-
ing and Huettner, 1995). As a result, it has been proposed that an ion channel-forming subunit is involved indepen-
dently in both ionotropic and metabotropic activities.that kainate receptors play a role in both synaptic trans-
mission and synaptic plasticity (Castillo et al., 1997; Vig-
nes and Collingridge, 1997; Cossart et al., 1998; Frerking Results
et al., 1998; Bortolotto et al., 1999; Kidd and Isaac, 1999;
Li et al., 1999, 2000; Bureau et al., 2000; DeVries, 2000; We previously postulated that kainate receptor activa-
Contractor et al., 2001). In addition, it has been shown tion induces the inhibition of GABA release by activating
a Pertussis toxin-sensitive G protein coupled to Phos-
pholipase C, which in turn activated PKC. We reasoned*Correspondence: lerma@cajal.csic.es
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Figure 1. Kainate Receptor Activation In-
duces G Protein-Dependent Calcium Release
from Intracellular Stores in Rat Dorsal Root
Ganglion Neurons
(A) Effect of brief applications of kainate (50
M) and K (50 mM) on the intracellular Ca2
levels in the presence of a normal extracellu-
lar concentration of Ca2. The images shown
correspond to a representative neuron and
approximately to the time scale indicated on
the record.
(B) In the absence of extracellular Ca2 (no
added Ca2 plus EGTA), kainate, but not K,
is still able to increase [Ca2]int. The images
at the top were taken approximately at the
times indicated in the graph. The inset shows
the kainate-induced variation in [Ca2]int at an
enlarged scale. Points are the mean  SEM
of 18 rat neurons.
(C) Kainate-induced Ca2 increase in the ab-
sence of extracellular Ca2 was absent in cul-
tures treated with Pertussis toxin (n  9), as
compared to untreated neurons (n  7) from
sister cultures.
(D) Effects of CNQX (n  6) and LY303070
(n  5) on kainate-induced Ca2 increase in
no Ca2.
that if diacylglycerol were necessary for the activation cultures treated with the G protein blocker Pertussis
toxin (0.5 M, 6 hr at 37C; 9 cells studied; Figure 1C).of PKC, then the concomitant hydrolysis of phosphoino-
sitide would lead to an increase in inositol 1,4,5-triphos- In contrast, a clear rise in [Ca2]int was detected in sister
but untreated cultures when kainate was perfusedphate and could ultimately induce the release of Ca2
from intracellular stores. Therefore, we examined the (19.8  7 nM; n  7).
The rise in [Ca2]int induced by kainate was not af-levels of intracellular Ca2 ([Ca2]int) in cultured DRG neu-
rons loaded with the Ca2 indicator Fura-2 upon applica- fected by the presence of the selective AMPA receptor
antagonist, LY303070 (i.e., the active isomer of GYKItion of kainate. In 76% of the rat neurons studied (29/
38), we observed that exposure to kainate induced a 53655; 25 M; Paternain et al., 1995; Wilding and Huett-
ner, 1995). However, similar to the treatment with Pertus-rise in [Ca2]int, consistent with the ionotropic effects of
kainate receptor activation (Figure 1A). The elevation of sis toxin (p  0.05, Student’s t test; Figure 1D), the
increase in [Ca2]int was blocked by the prototypicalthe [Ca2]int could either have been the result of the direct
permeation of Ca2 through kainate receptor channels AMPA/kainate receptor antagonist CNQX (p 0.05; Fig-
ure 1D). This pharmacological profile confirms that theor the activation of voltage-dependent Ca2 channels
due to the depolarizing effects of kainate. Voltage- changes in [Ca2]int are mediated by kainate rather than
AMPA receptors. Interestingly, the effect of kainatedependent Ca2 channels are abundant in the mem-
brane of DRG neurons and can be opened with a depo- tended to diminish as the cells matured and was more
readily observed in cells 12–24 hr after plating. Takenlarizing pulse of K (Figure 1A). However, in the absence
of extracellular Ca2 and in the presence of the Ca2 together, these data indicate that the activation of kai-
nate receptors triggers an increase in [Ca2]int throughchelator EGTA (5 mM), kainate was still able to increase
the [Ca2]int in the majority (62%; 18 out of 29 neurons the release of Ca2 from intracellular stores as the result
of the activation of a Pertussis toxin-sensitive G protein-studied) of the cells having a response to kainate in the
presence of extracellular Ca2 (to which this analysis mediated signal.
was confined). This increase was small (26  6 nM; n 
18) when compared to the overall increase in [Ca2]int Subcellular Localization of Kainate-Induced
Ca2 Releaseas a consequence of kainate-induced membrane depo-
larization. The latter response could be precisely mea- To gain further insight into the subcellular localization
of metabotropic kainate receptors, we analyzed kainate-sured in 13 of these cells (the other 16 neurons were
not selected for quantification because although they induced responses with the Calcium Green-AM probe
in mice neurons using confocal Ca2 imaging. Initially,presented clear responses, their noise or irregular base-
line made the measurement inaccurate) and amounted Ca2 was washed out from the medium by perfusing the
cells with a Ca2-free solution containing 5 mM EDTA.to 195  45 nM (range 34–499).
In the absence of extracellular Ca2, it seems most Subsequently, kainate (50 M) was applied after the
baseline stabilization had been achieved. From the im-likely that the increase in [Ca2]int results from the release
of Ca2 from intracellular stores induced by second mes- ages obtained, the background image was subtracted
from the image representing the peak response to kai-sengers, providing additional evidence for the metabo-
tropic activity of kainate receptors. In support of this nate (Figure 2B). This procedure revealed the sites
where kainate receptor-induced release of Ca2 couldconclusion, exposure to kainate in the absence of extra-
cellular Ca2 did not produce an increase in [Ca2]int in be detected (Figure 2). In general, the levels of [Ca2]int
Metabotropic Kainate Receptors in DRG Neurons
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Figure 2. Subcellular Distribution of Kainate-
Induced Ca2 Release in Mouse DRG
Neurons
(A) Two cells loaded with calcium green-AM.
The image represents their background levels
of fluorescence.
(B, D–G) These cells after stimulation with kai-
nate (50 M), from which the background flu-
orescence has been subtracted. Enlarged de-
tails of this image are shown in (D)–(G).
Calibration bars correspond to 60 m (A and
B), 15 m (D and E), and 30 m (F and G).
(C) Fluorescence increase as a function of
time induced by kainate (yellow box) in the
absence of extracellular Ca2 at two different
locations. Points are averages from four dif-
ferent cells.
(H) Kainate releases Ca2 from intracellular
sores. Pulses of K and kainate are applied
1 min and 4 min after removing Ca2 from the
extracellular fluid (0 Ca2 solution plus 5 mM
EDTA). Note that the earlier but not the later
pulse of kainate increases intracellular Ca2.
The application of K and kainate was re-
peated after applying refilling protocol (three
pulses of high K in Ca2-containing solu-
tion). Note that kainate induces again a Ca2
response.
(I) Summary of data from five experiments.
Bars are the mean  SEM of calcium re-
sponses indicated in (H). **p 0.01, Student’s
t test.
were seen to increase in localized areas of the cell body Therefore, we tested the possibility that kainate recep-
tors might modulate the K-induced Ca2 influx. The(Figures 2D and 2E), as well as in discrete spots along
the neurites and close to bifurcation points (Figures 2F intracellular accumulation of Ca2 in response to a depo-
larizing pulse of K was depressed by previouslyand 2G). Measurements from these points indicated that
the larger increases in [Ca2]int were observed in the applying a brief pulse of kainate in 13 out of 19 rat
(68.4%) and 54 out of 91 mouse (59.3%) neurons thatneurites rather than in the soma (Figure 2C). To further
assess that kainate-induced intracellular Ca2 elevation presented a kainate-induced response (Figure 3A). In
mice, a 4 s application of kainate (50 M) depressedwas due to its release from intracellular stores, we
adopted a protocol of emptying and refilling intracellular the response to a subsequent pulse of K by 47.5% 
3% (n  54), while in rats the same protocol resulted inCa2 stores as follows. Pulses of kainate were applied
1 min and 4 min after removing Ca2 from the extracellu- a slightly stronger inhibition of 62%  6.3% (n  13).
Since this effect was observed in both rats and mice,lar fluid. The absence of extracellular Ca2was complete
because a pulse of K failed to induce any Ca2 signal including several different mouse strains (e.g., C57,
BALB/C, sv129), then it seems reasonable to pool the(Figure 2H). Under this situation, the earlier (F/F0 
15%  2.8%; n  5) but not the later (F/F0  3.8%  data obtained from all the cells studied in these experi-
ments (n  110), irrespective of whether or not kainate0.9%; n  5) pulse of kainate was able to evoke an
intracellular Ca2 signal (Figure 2H), indicating that the induced an inhibitory effect. Treating the data in this way
led us to the conclusion that Ca2 influx was reduced byintracellular Ca2 stores emptied in the absence of extra-
cellular Ca2 in less than 4 min (Flynn et al., 2001; Hoth prior activation of kainate receptors to two-thirds of the
initial control values (66.4%). The effect of kainate wasand Penner, 1992; McCarron et al., 2000). We then ap-
plied a refilling protocol, consisting of applying three long lasting, since the pulse of K was depressed for
up to 16 s after the end of kainate application.pulses of high K after restoring the extracellular Ca2. A
new application of kainate subsequent to Ca2 removal The inhibition of Ca2 influx could be due to channel
inactivation through the accumulation of Ca2 itselfinduced again an intracellular Ca2 response (10.0% 
2.8% increase in florescence; n  5) (Figures 2H and (Mouton et al., 2001). Alternatively, it may result from
the inactivation of Ca2 channels due to the membrane2I). This experiment provides the additional evidence
that kainate is able to induce Ca2 release from intracel- depolarization provoked by the application of kainate.
These possibilities were both discarded since depolariz-lular stores.
ing pulses of K applied repeatedly at similar intervals
did not alter the [Ca2]int (94% 12%; n  8; Figure 3A).Kainate Receptor Activation Modulates Ca2
Signaling in DRG Cells Furthermore, the inhibitory effect of kainate was absent
in cultures that had been treated with Pertussis toxinVoltage-dependent Ca2 channels are strongly inhibited
by G proteins (see Morris and Malbon, 1999, 2000). (0.5 g/ml; 6 hr at 37C), indicating that a G protein was
Neuron
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Figure 3. Activation of Kainate Receptors
Depresses the K-Induced Rise in [Ca2]int in
a G Protein-Dependent and PKC-Dependent
Manner
(A) Intracellular Ca2 was increased by 4 s
pulses of K (20 mM; open boxes). Stimula-
tion of kainate receptors (50 M; black box)
produced a reduction in the intracellular Ca2
transient induced by a subsequent applica-
tion of K. Points are the mean  SEM from
13 rat neurons. Successive applications of K
at a similar rate did not induce a depression
in the levels of Ca2 (interrupted record; mean
value of 5 experiments; errors bars have been
omitted for clarity).
(B and C) The depressive effect of kainate
was absent in cultures treated with Pertussis
toxin (B) and when protein kinase C was inhib-
ited with staurosporine (0.5 M) or bisindolyl-
maleimide (0.1 M) (C). While this effect was
abolished by CNQX, it was resistant to
LY303070 and was still seen in the presence
of a cocktail containing 1 M AM-281, 1 mM
each of MCPG and MPPG, and 100M 2-OH-
saclofen. Data from (A) and (B) were collected
in rat cultures. Data in (C) came from experi-
ments in mouse neurons.
involved in this process. In these experiments it was tion of cells, indicating that these neurons did not ex-
press ionotropic kainate receptors or that their densitynot possible to distinguish cells that contained or that
lacked this kind of inhibitory kainate receptors. How- was insufficient to produce a measurable change in
[Ca2]int. However, we further studied the effect of kai-ever, it might have been expected that K-induced Ca2
influx subsequent to kainate application would be de- nate on the K-induced Ca2 influx in 41 of these cells
and found that in 21 of them (51%), the Ca2 elevationpressed in 68% of the cells (i.e., 6 cells) if Pertussis toxin
had no effect. This was not the case, and on average, in response to the application of K was depressed by
kainate (57% 9% of inhibition [n 21]; Figure 4A). Thisa slight potentiation (132%  36%; n  9) of the Ca2
response to K depolarization following the kainate result indicates that, in principle, permeation through
the kainate receptor ion channel was not required topulse was actually observed. Furthermore, the depres-
sion of K-induced Ca2 accumulation was sensitive to produce the second messenger-mediated effect. There-
fore, we evaluated the ionotropic activity of kainate re-protein kinase C inhibitors. Indeed, the kainate-induced
inhibition was 4.3%  9% (n  7) in cells treated with ceptors by measuring the increase in [Ca2]int induced
by kainate application and normalizing it to the cellularstaurosporine (0.5M), while in untreated sister cultures
it was 31.3% 3% (n 8; p 0.05). Similarly, the more response to a depolarizing pulse of K. No correlation
was seen between the degree of ionotropic activity andselective PKC inhibitor bisindolylmaleimide (0.1 M)
prevented kainate-induced inhibition (1.5%  4% in the extent of reduction in the depolarization-induced
Ca2 increase (Figure 4B). In other words, ionotropictreated [n  8] versus 25.4%  7% in untreated [n 
12] sister cultures; p  0.05). As expected, exposure to and metabotropic activity of kainate receptors do not
CNQX (100 M) also abolished inhibition (4%  6% appear to require each other.
versus 48.6%  4% with and without antagonist, re- We further explored the indication of separate kainate
spectively [n16]; p0.05). In contrast, neither saturat- receptors by analyzing the subcellular distribution of
ing concentrations of the AMPA receptor antagonist each one. We took advantage of measuring local Ca2
LY303070 (48.6% 4% inhibition; n  8), nor a cocktail increases upon high Kor kainate applications as well as
of metabotropic glutamate, cannabinoid CB1, and GA- the kainate-induced inhibition of Ca2 signal by confocal
BAB receptor antagonists (1 mM of MCPG and MPPG, Ca2 imaging and considered these responses as a sen-
1 M AM281, 100 M 2-OH-saclophen), were capable sor for the subcellular density of kainate receptors of
of blocking this phenomenon (inhibition of 41%  7% one or the other type. Images were taken at the peak
in the absence versus 44% 6% in the presence of the responses to K and kainate (Figure 5). We observed
cocktail; n  11; Figure 3C). These data indicate that that the Ca2 increments induced by one or other agent
the inhibition of the Ca2 influx triggered by kainate is were not uniform and that they did not colocalize at
specific and involves a second messenger pathway, some places within the neuron. This fact was clearly
specifically activated by kainate receptors. demonstrated when both images were merged. In Figure
5, the top right panel shows the colocalization of both
responses as white pixels, while the stronger Ca2 re-Kainate Activity Is Independent
of Ion Channel Activation sponse to K or kainate tend to appear in yellow or blue,
respectively. The inhibitory effect of exposure to kainateIn Fura-2 experiments carried out in mice neurons, kai-
nate induced no noticeable Ca2 response in a popula- on the K-induced accumulation of Ca2could be visual-
Metabotropic Kainate Receptors in DRG Neurons
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Figure 4. Kainate Receptor Ion Channel Ac-
tivity Is Not Necessary to Depress the K-
Stimulated Increase in [Ca2]int
(A) In 51% of cells in which kainate (50 M;
yellow box) did not produce a Ca2 transient
(n 41), the subsequent elevation of intracel-
lular Ca2 by K application (open boxes) was
still depressed. The graph represents mea-
surements from several parts, as indicated
by the colored arrows in the top left panel.
(B) The magnitude of depression induced by
a kainate prepulse on the intracellular Ca2
response induced by a subsequent K pulse
was not correlated (r2  0.02) with the magni-
tude of Ca2 elevation induced by kainate.
These values were corrected for the density
of Ca2 channels by dividing them by the peak
[Ca2] obtained during the K pulse. Data
from mouse cell cultures.
ized by subtracting the images representing the peak tion. As can be seen, many areas of strong inhibition did
not colocalize with the large kainate-induced Ca2 re-Ca2 influx evoked by K before and after kainate appli-
cation (Figure 5D). Such a manipulation revealed that sponses, further supporting the hypothesis that these ac-
tivities of kainate receptors are not tightly related.the inhibition of Ca2 accumulation did not take place
over the whole cell, but rather at particular points along Taking further advantage of this high-resolution ap-
proach, we determined whether the activity of kainatethe neurites. Merging this image with that representing
the distribution of kainate-induced responses (Figure 5F) on the K-induced Ca2 entry was concentration depen-
dent at the hot spots present on neurites (Figure 6A).revealed those areas where the kainate-induced response
was larger (pixels tended to be blue), equivalent (white While concentrations as low as 0.1 M did not produce
any effect on [Ca2]int, they were sufficient to depress thepixels), or lower (yellow pixels) than the degree of inhibi-
Figure 5. Kainate Receptors Are Segregated on Neurites in Cultured DRG Neurons
(A and B) Cells loaded with calcium green-AM were subjected to stimulation with K (30 mM) or kainate (KA, 50 M). Confocal images show
peak increases in fluorescence color coded in yellow (K; A) or blue (KA; B), after subtracting baseline values.
(C) Merging both images revealed the sites where both Ca2 channels and KA receptors colocalize (white pixels).
(D and F) Sites where inhibition of Ca2 currents took place, as revealed by subtracting peak Ca2 images before and after KA. Arrowheads
in (B) and (D) highlight points where inhibition was strong but the KA-induced Ca2 increase was low, while arrows point to areas where
inhibition was negligible in spite of the fact that KA induced a robust Ca2 signal. This is illustrated by merging this and the image corresponding
to the KA-induced response (F). The boxes are magnified in the right panel. Note the patchy distribution of KA-induced inhibition of Ca2
signal (yellow and white pixels) along neurites. Calibration bar in (F) (valid for A–F) is 30 m and 15 m for the enlarged boxes.
Neuron
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Figure 6. Dose-Response Inhibitory Effect of
Kainate and ATPA on K-Induced Ca2 In-
creases at Particular Loci within Neurites
(A) Confocal images representingF upon K
application before (K) and just after (K(KA))
a pulse of kainate (50 M) was applied. Sub-
tracting a response from the other reveals
points where the inhibitory effect of kainate
was more intense (Inhibition). The boxed por-
tion of the neurite is enlarged below. Warmer
colors indicate larger differences between
both pulses. Calibration bars are 30 m (top
images) and 10 m (bottom image).
(B) Kainate inhibits the K-induced Ca2 in-
crease in a dose-dependent manner. Points
are the mean  SEM value from six experi-
ments.
(C) Effect of a low concentration of ATPA on
the K-induced Ca2 increase (mean  SEM,
n  12).
(D) Summary of the data expressed as frac-
tional inhibition (mean  SEM from 6, 13, 6,
and 12 neurons, respectively).
K-induced Ca2 signal (Figures 6B and 6D). Similarly, sponse (n  16, from 5 preparations; amplitude of the
ATPA, an agonist that acts preferentially on GluR5- current estimated at the end of the pulse after leak sub-
containing receptors, produced a depression of the K- traction; Figure 7B). To determine whether lower con-
induced Ca2 signal, even at concentrations incapable centrations of kainate modulate Ca2 channels, we ap-
of inducing a depolarization sufficient to open Ca2 plied voltage ramps (from80 to35 mV) in the absence
channels (Figures 6C and 6D). and in the presence of kainate and measured the action
of this agonist at the peak of the I-V curve. In agreement
Kainate Receptor Activation Inhibits with the results obtained by Ca2 imaging experiments,
Ca2 Channels kainate reduced the maximal Ca2 current in a dose-
Calcium imaging experiments are unable to clarify dependent manner starting at low concentrations (e.g.,
whether the failure to accumulate intracellular Ca2 upon 1 M) (Figure 7C). Interestingly, in electrophysiological
kainate receptor activation is due to interference in the experiments we did not find any difference in modulation
Ca2 buffering capacities of the cell or due to the direct of Ca2 channels in the cells either lacking or expressing
inhibition of voltage-dependent Ca2 channels, reducing ionotropic kainate receptors (Figure 7D). Moreover, inhi-
Ca2 entry into the cell. To determine whether kainate bition of Ca2 current by kainate was not observed in
receptor activation inhibits voltage-dependent Ca2 cultures treated with Pertussis toxin (Figure 7E), further
channels, we recorded whole-cell Ca2 currents from demonstrating that kainate receptors modulating Ca2
cultured DRG neurons. To prevent the rundown of Ca2 channels are coupled to G proteins. In electrophysiologi-
currents, as well as to avoid the washout of any second cal experiments, kainate was present while the depolar-
messengers triggered by kainate receptor activation, we ization pulse was applied. However, similar results were
used the perforated patch clamp technique, applying obtained when kainate was applied as a brief pulse shortly
amphotericin-B as the perforating agent (Rae et al.,
before activating the Ca2 current (data not shown).
1991). Calcium channels were activated by a 50 ms
Finally, we estimated the activation rate of control anddepolarizing pulse to 0 mV from a holding potential
inhibited Ca2 currents. DRG neurons are large, ramifiedof80 mV. The current elicited in this way had two compo-
cells, making correct voltage and space clamping diffi-nents, one of which was mostly transient and gave way
cult. We selected cells in which voltage clamp irregularit-to a steady-state component. This steady current was
ies in response to a depolarizing pulse seemed to bemostly blocked by 	-conotoxin GVIA (1 M), indicating
sufficiently small, i.e., where the rise over time was wellthat it was mainly produced by N-type Ca2 channels (data
fitted by a single and rapid exponential and the tailnot shown; for review see Olivera, 1996). In contrast,
currents were prominent (see Figure 7B). These charac-the peak current was resistant to this toxin and to more
teristics were considered indicative of acceptable clampgeneral Ca2 channel blockers (e.g., Ni2, nifedipenine).
properties. Consistent with a role for second messen-However, when extracellular Na was replaced with an
gers in kainate-induced inhibition (Diverse-Pierluissi etequimolar concentration of the nonpermeant cation
al., 1995), no change was observed in the kinetics ofN-methyl-D-glucamine, the peak current was abolished
current rising in inhibited responses when compared to(Figure 7A), indicating that it corresponded to a TTX-
controls (2.9  0.5 ms in 50 M kainate versus 3.1 resistant Na current known to be present in peripheral
0.6 ms in control; n  12; not shown). This effect con-neurons (Jeftinija, 1994; Scholz et al., 1998).
trasted with the inhibitory effect of baclofen (10 M) inWhen N-methyl-D-glucamine was included in the ex-
the same cultures (thought to be by a direct interactiontracellular solution, the Ca2 current could be isolated.
of G proteins with Ca2 channels). Although baclofenConsistent with the data from Ca2 imaging experi-
and kainate inhibited Ca2 currents to a similar degree,ments, kainate (50 M) depressed this current by
43.2%  4.5% without inducing any membrane re- baclofen slowed their activation kinetics by 2.5-fold
Metabotropic Kainate Receptors in DRG Neurons
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Figure 7. Kainate Receptor-Mediated Modu-
lation of Voltage-Dependent Ca2 Channels
(A) Currents were generated by a depolarizing
50 ms step to 0 mV from a holding voltage
of80 mV. The initial transient current corre-
sponds to a TTX-resistant Na current, since
it disappears upon removal of Na (N-methyl-
D-glucamine—NMDG—substituted for Na).
(B) In the absence of Na, kainate (50 M)
application induced a reversible depression
of the Ca2 current.
(C and D) Dose-dependent kainate-induced
inhibition of Ca2 channels. Ca2 current was
activated by voltage ramps from 80 to 35
mV (C) in the presence and in the absence
of kainate and maximum current compared.
Under Ringer perfusion, ramps were succes-
sively applied until a stable response was
achieved, upon which the perfusion was tran-
siently switched to kainate. Only cells in
which the peak amplitude recovered (
50%)
upon washing kainate out were considered
for analysis. The histogram in (D) shows sum-
marized values (mean  SEM) obtained from
the indicated number of cells.
(E and F) Effect of kainate application on the amplitude of the Ca2 current in neurons presenting or lacking kainate-induced inward currents.
The records in (E) represent a typical cell responding to kainate in the presence of extracellular Na at two different membrane potentials
(bottom), and a cell in which kainate did not induce a measurable current (top). The degree of kainate-induced depression of Ca2 currents
was similar in both cases (F). In these experiments, the overall degree of inhibition was 48.5%. Values are the mean  SEM from the indicated
number of neurons recorded from three different mouse preparations.
(G) The kainate-induced inhibition of Ca2 current was absent in cultured neurons treated with Pertussis toxin. Control and treated cells
belonged to sister cultures. ***p  0.001, Student’s t test.
(from 5.6  1.3 ms to 13.7  2.6 ms; n  4; not shown). ent preparations). We also studied the effect of kainate
on K-induced Ca2 influx in neurons prepared fromThese results, together with the fact that kainate-
induced modulation of Ca2 currents occurred in the mice deficient for GluR6 subunits. In these cells, a pre-
pulse of kainate (50 M) inhibited the subsequent Ca2absence of receptor ionotropic activity, further support
the idea that a second messenger cascade is activated entry to a similar extent as in wild-type animals (27.9%
4% inhibition; average of all 28 cells analyzed; p 0.05;by kainate in these cells, which in turn produces the
inhibition of Ca2 channels. Figure 8D). These results strongly support the hypothe-
sis that GluR5 ion channel subunits contribute to the
receptor complex that triggers G protein activation in
Modulation of Ca2 Channel Activity by Kainate
DRG neurons.
Receptors Is Not Observed
in GluR5-Deficient Mice
Dorsal root ganglion cells almost exclusively express Kainate Receptor Inhibition of Glutamate Release
from Primary Sensory Afferents Might Involvethe GluR5 kainate receptor subunit (Huettner, 1990;
Sommer et al., 1992; Partin et al., 1993; Bahn et al., G Protein Activation
It has been shown that kainate receptors are located1994). In the absence of selective pharmacological tools
to study kainate receptors, we took advantage of the presynaptically in DRG neurons, where they regulate the
release of glutamate at rat primary sensory afferentsavailability of the GluR5-deficient mice (Mulle et al.,
2000) to test the hypothesis that this ionotropic subunit (Kerchner et al., 2001). Recently, experiments carried
out in animals deficient for kainate receptor subunitswas involved in the metabotropic inhibition of Ca2
channels by kainate receptors. In cultured cells pre- have shown that the inhibition of glutamate release by
kainate requires the presence of GluR5 subunits sincepared from GluR5/ mice (kindly provided by S.F.
Heinemann, Salk Institute), we were unable to detect it is abolished in cultures of DRG neurons from GluR5/
mice (Kerchner et al., 2002). To determine whether thean elevation of [Ca2]int in the presence or absence of
extracellular Ca2 (Figure 8A) or an electrophysiological GluR5-mediated inhibition of glutamate release from pri-
mary afferents involves the activation of a G protein, weresponse upon kainate application (not shown). We also
failed to observe modulation by kainate of the K- recorded synaptic responses of dorsal horn neurons
when evoked by dorsal root stimulation in spinal cordinduced Ca2 increase in either conventional Fura-2 im-
aging experiments (15% 11% reduction; 30 cells stud- slices. In these experiments, picrotoxin (100M), strych-
nine (5 M), and SCH50911 (30 M) were added to pre-ied from two different GluR5/ mice preparations; p 

0.05), confocal Ca2 imaging studies (5%  3% inhibi- vent unwanted stimulation of GABA and glycine recep-
tors. Application of ATPA (10 M), the preferred agonisttion; 17 neurons; p 
 0.05; Figure 8B), or when Ca2
currents were analyzed in electrophysiological re- of GluR5 receptors, reversibly reduced the AMPA-medi-
ated EPSC by 59%  3.5% (n  10). However, incordings (Figure 8C; 19 neurons recorded from 4 differ-
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Figure 8. Kainate Receptor-Mediated Modu-
lation of Voltage-Dependent Ca2 Channels
Is Absent in GluR5-Deficient Mice
(A–C) In cell cultures prepared from GluR5
KO mice, kainate did not increase intracellular
Ca2 (A), nor did it reduce either K-induced
Ca2 transients (B) or the amplitude of volt-
age-dependent Ca2 currents measured in
electrophysiological experiments (C). For
comparison, data from wild-type (wt) mice
from the same genetic background are illus-
trated in (C) (yellow points). Data points are
the mean  SEM from six neurons, obtained
from single cultures. Similar results were
found in three and four different preparations,
respectively.
(D) Kainate was still able to depress K-
induced Ca2 transients in cells prepared from
GluR6/ mice. Data points are the mean 
SEM from the indicated number of neurons.
Calibration bars correspond to 30 m.
attempts to study the Pertussis toxin sensitivity of ATPA- demonstrated that kainate induces a G protein-depen-
dent rise in [Ca2]int in the absence of [Ca2]ext. Furtherinduced inhibition of transmitter release, the slices dete-
riorated during the long incubations required (3–7 hr), experiments showed that such an increase was due to
the release of Ca2 from intracellular reservoirs. There-making stable and prolonged recordings impossible.
Therefore, we decided to use N-ethyl-maleimide (NEM, fore, these kainate receptors behave in a similar fashion
to metabotropic glutamate receptors coupled to phos-100 M), which appears to be a selective inhibitor of G
proteins that are also sensitive to Pertussis toxin (Sha- pholipase C. Moreover, activation of kainate receptors
depresses the voltage-dependent Ca2 current. If thispiro et al., 1994; Greif et al., 2000).
As previously described in the hippocampus (Frerking same mechanism is present in central neurons, such an
interaction with Ca2 channels responsible for transmit-et al., 2001), NEM had multiple effects on synaptic trans-
mission. Introduction of NEM in the recording solution ter release would account for the kainate-induced inhibi-
tion of transmitter release described for presynaptic kai-produced a large increase in the synaptic response that
declined slowly (not shown). It is not known why NEM nate receptors in the hippocampus (Clarke et al., 1997;
Rodriguez-Moreno et al., 1997; Rodriguez-Moreno andaffects baseline transmission but it might be due to the
removal of tonic G protein-mediated inhibition of Ca2 Lerma, 1998; Frerking et al., 2001). As a matter of fact,
exposure of hippocampal slices to kainate reversiblycurrents followed by interference with the synaptic pro-
tein NSF, which finally would depress transmitter re- reduced the presynaptic Ca2 signal and suppressed
field EPSPs recorded from the CA1 area (Kamiya andlease. When ATPA was applied (9 min after the introduc-
tion of NEM), the induced inhibition was significantly Ozawa, 1998). It also seems possible that glutamate
release from primary sensory afferents is modulated byreduced (18.1%  6.1% inhibition; n  5 slices) and it
was much smaller than the effect of ATPA application kainate receptors by a similar mechanism, since the
G protein-interfering drug, NEM, reduces the kainatein untreated cells (54.1% 7.9%; n 5 slices; p 0.05).
We also measured the effect of ATPA on the synaptic effect in spinal cord slices. Unfortunately, NEM affects
a number of important cellular processes, including theresponse mediated by activation of NMDA receptors
at40 mV, in the presence of the AMPA receptor antag- release machinery. Therefore, although this drug is often
used as a substitute of Pertussis toxin, this fact needsonist, LY303070, and observed similar results.
Although not entirely conclusive, these results are to be studied further.
The analysis of neurons prepared from mice in whichconsistent with a model in which the modulation of gluta-
mate release by GluR5 kainate receptors depends on the kainate receptor GluR5 has been deleted indicated
that this subunit is necessary for kainate-induced inhibi-the activation of a G protein.
tion of Ca2 currents (Figure 8). In other words, the pres-
ence of this subunit rather than GluR6 is required toDiscussion
couple kainate receptors to the second messenger sys-
tem, at least in DRG neurons. Therefore, these dataThe results of this study indicate that kainate receptors
composed of GluR5 subunits are functionally coupled highlight the involvement of an ion channel-forming sub-
unit in a dual signaling system, although the mechanismto G proteins and that their activation produced a reduc-
tion in Ca2 channel activity in dorsal root ganglion cells. by which kainate binding triggers the activation of a
G protein remains to be specifically determined. How-Indeed, both conventional and confocal Ca2 imaging
Metabotropic Kainate Receptors in DRG Neurons
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ever, our results do provide evidence that both ion chan- bilities. Interesting models to be explored include the
idea that GluR5 ionotropic receptors may have metabo-nel and metabotropic activities are independent, since
kainate receptor ion channel activity is not necessary tropic activity under special circumstances, becoming
ionotropically mute (e.g., upon interaction with an adap-for Ca2 channel modulation in DRG neurons. Indeed,
kainate was able to inhibit voltage-dependent Ca2 tor protein linking the complex to a G protein). In this
case, both types might coexist and their function mightchannels in the absence of extracellular Na. In this
situation, no measurable current was detected when be interchangeable. Interestingly, some C-terminal splice
variants of GluR5 seem not to form functional channelskainate was applied in electrophysiological experi-
ments, not only because Na carries most of the charge, when recombinantly expressed (Sommer et al., 1992)
unless they are coexpressed with other subunits (Pater-but also because kainate receptor channel gating is
severely compromised in the asence of extracellular Na nain et al., 2000). Alternatively, GluR5 could combine/
interact with as yet undetermined G protein-coupled(Paternain et al., 2003). In addition, no differences in the
magnitude of inhibition were observed between neurons subunits to form a metabotropic receptor sensitive to
kainate. The situation would be analogous to thatthat presented or lacked a kainate-induced current re-
sponse, nor was this related to the rectification index. recently described for dopamine receptors 1 and 5
(G protein-coupled) and NMDA and GABAA receptorsThe index of rectification provides an idea of the propor-
tion of edited versus unedited receptor channels, i.e., (both forming ion channels), respectively (Liu et al., 2000;
Lee et al., 2002). The direct interaction between thethose carrying an R or a Q in M1 (e.g., Lerma et al.,
1996), representing channels permeable or imperme- carboxy-terminal domain of ionotropic subunits and in-
tracellular loops of dopamine receptors enables mutualable to Ca2 (e.g., Burnashev, 1996). This is important
since it permitted us to discard the influence of any functional interactions between these disparate recep-
tor systems. Therefore, it appears likely that a particularunknown and uncontrolled modulatory substance re-
leased as the result of the depolarization induced by GluR5 receptor arrangement would promote one signal-
ing capability over the other.kainate perfusion. In addition, these results emphasize
that ion channel activity and the triggering of the second Finally, worth mentioning is that kainate-induced sei-
zures are a useful model to study human temporal lobemessenger cascade are two completely unrelated phe-
nomena. Indeed, we did not find any correlation between epilepsy (Ben-Ari and Cossart, 2000) and that sensory
transmission in the spinal cord is largely regulated bythe magnitude of the rise in [Ca2]int induced by kainate
application and the magnitude of the depression of the kainate receptors (Kerchner et al., 2001). Thus, drugs
that interfere with GluR5 kainate receptor function mayCa2 response upon K depolarization.
The use of confocal microscopy allowed us to show be useful not only for treating seizures but also for the
control of pain transmission at the peripheral level. In-that kainate receptors are unevenly distributed but tend
to locate at specific spots along the neurite, particularly deed, although highly specific GluR5 antagonists are
not yet available, those currently at hand have beenat branching points. The significance of this fact remains
to be determined. However, at these points kainate re- shown to interfere with the transmission of pain (Sim-
mons et al., 1998) and are antiepileptogenic in the hippo-duced K-induced Ca2 signals in a dose-dependent
manner, and even low concentrations, such as 0.1 M, campus (Smolders et al., 2002). More importantly, and
considering that the nature of the signal transductionwere enough to significantly depress the response. The
high sensitivity to kainate of K-induced Ca2 accumula- pathway triggered by the receptor determines the cellu-
lar response, our results indicate that kainate receptortion in neurites was reproduced in electrophysiological
experiments in which voltage-dependent Ca2 channels activation may serve a number of novel functions.
were evaluated. Indeed, we could observe that kainate
Experimental Proceduresreduced Ca2 currents in a dose-dependent manner.
However, it has been recently reported that 1M kainate
All the procedures for handling and sacrificing animals used in thishad no effect on Ca2 currents in DRG-cultured cells
study followed the European Commission guidelines (86/609/CEE)
(Kerchner et al., 2001). The explanation for this discrep- for handling experimental animals and were supervised by the Cajal
ancy probably comes from the fact that conventional Institute veterinary officer.
rather than perforated patch-clamp recordings were
used in that study. Therefore, second messenger-medi- Cell Culture
ated modulatory activities may have been precluded. Dorsal root ganglia were dissected out from P0–P2 Wistar rats and
BALB/C, C57, or sv129 mice. The ganglia were digested with colla-
genase (0.25%) and DNase (5 g/ml) for 40 min at 37C, and withA Model of Noncanonical Signaling
trypsin (0.125%) for 30 min in HBSS medium. DRG neurons were
for Kainate Receptors then dissociated with a flame-polished Pasteur pipette before pre-
Since kainate receptors activate independently both plating for 2 hr. The cells were then resuspended, plated on glass
types of effectors, a channel and a G protein, the exis- coverslips previously treated with poly-D-lysine (250 g/ml) and
laminin (10 g/ml), and cultured in DMEM supplemented with 10%tence of a single molecular arrangement with simultane-
fetal calf serum, penicillin (100 U/ml), streptomycin (100 g/ml), NGFous double signaling capabilities could be ruled out. Do
(10 ng/ml), and BDNF (20 ng/ml).both activities reside in the same molecular complex
or does each receptor have to be assembled into two
Calcium Imagingdifferent arrangements? This is a question that must be
Following 1–2 days in culture, DRG neurons were loaded with Fura-
addressed in the future. So far we can propose that 2 AM (5-10 M; 40 min). Calcium was visualized by recording at
both activities involve a common ionotropic subunit, excitation wavelengths of 340 nm and 380 nm on an upright Olympus
BX50 water immersion microscope. In a series of experiments, afterGluR5, but we cannot distinguish among several possi-
Neuron
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